We report on the experimental realization of a multiple-DWDM-channel heralded single-photon source in a periodically poled lithium niobate waveguide. Our single photon at the telecom wavelength covers more than 40 channels of the ITU grid. All channels have virtually identical efficiencies, and the multi-photon emission probability is reduced by a factor up to more than 150 compared to a Poissonian light source. Together with the all-fiber structure, all these advantages make our heralded single-photon source suitable for real-world quantum networks. The implementation with a 50 MHz pulsed laser provides a data rate compatible with current quantum communication systems, while being able to be pumped at higher repetition rates. 
Introduction
The single-photon source (SPS) plays a key role in research fields such as quantum computing and communication, especially in quantum key distribution (QKD) [1, 2] . Multi photons can compromise the security of the communication by allowing eavesdroppers to steal information. In principle, for the same secure communication rate, single-emitter-based QKD systems can achieve longer key transmission distances than faint-laser pulse systems [3, 4] . So far, several schemes for SPS have been proposed, which are mainly divided into two categories: 1. Color centers, quantum dots, single atoms, single ions and atomic ensembles are considered as deterministic SPS [5-8]; 2. Photons created in pairs via fourwave mixing in fibers and spontaneous parametric down conversion (SPDC) in bulk crystals and waveguides are described probabilistic one, which is called heralded single-photon source (HSPS) [9] [10] [11] [12] [13] . SPS have been continuously improved in purity, efficiency, repetition rate and usability in the past decade. However, deterministic SPSs are currently unsuitable for practical applications. For instance, the emitted photons are in visible spectrum, which is not compatible with existing telecommunication networks. Furthermore, the operating temperature of currently available SPSs is quite low. Therefore, the HSPS by SPDC is widely used in the field of quantum communication. Considering the excellent security of quantum communications, it is important to build quantum communication networks [14] . Such networks will require multipoint links, for which the point-to-multipoint SPS is an essential component.
Here, we report on the realization of a high efficiency multiple-channel HSPS at telecom wavelength through SPDC with a periodically poled lithium niobate (PPLN) waveguide. In brief, it is a point-to-multipoint HSPS. The efficiency of SPDC in waveguide is several times higher than the one in bulk, which ensures high repetition rate in each channel. Our source covers over forty 100-GHz dense wavelength division multiplexer (DWDM) ITU grid channels and each channel contains almost the same brightness and high quality. In addition, all fiber setup makes our source a good choice for quantum networks.
Theory and experiment setup
In our HSPS experiment, the nonlinear crystal to generate daughter photon pairs is a type-0 PPLN waveguide, which has the relatively large ( ) 2 χ optical nonlinearity [15, 16] . The high efficient process of SPDC should meet the quasi-phase matching (QPM) conditions, i.e., respectively. k and ω are the wavevector and the frequency of the waves. We simulate the efficiency of the SPDC with Sellmeier equation, with pump wavelength at 777.88 nm. The spectrum of the SPDC output is resolved using a diffraction grating spectrometer (Shamrock, Andor) with a wavelength resolution of about 1 nm. The photons are detected by a single photon detector. The result in Fig. 1(a) shows an ultra-wide QPM bandwidth with a full width at half maximum (FWHM) of approximate 70 nm. This special property is basic to our multiple-channel source. The discrepancy between the theoretical and experimental results mainly results from the error of empirical values in the Sellmeier equation and the waveguide dispersion. The experimental setup of our source is shown in Fig. 1(b) . The laser at telecom wavelength (KG-PLS5011, CONQUER) with a repetition rate of 50MHz is first amplified to 120 mW by an EDFA (GA3210-23, CONNET), and then it's wavelength is converted to near infrared region by second harmonic generation (SHG) in the first PPLN waveguide, which is used as a pump for spontaneous parametric down conversion through the second PPLN waveguide. The pump has a maximum power of 8 mW with 1.0 ns pulse duration. Both of the processes take place in PPLN waveguides (SH-50-PM-SM-2-2, SIQST) with type-0 phase-matching condition. The temperature of PPLN is controlled at 325.4 ± 0.1 K. At the output of SPDC, a high-isolation WDM is used to filter the pump laser. The photon pairs are then split by a 100-GHz DWDM, which has seven channels within the ITU grid (CH24 -30). The short-wavelength photon is defined as heralding photon and detected by Detector A directly. The long-wavelength one propagating through a 50/50 fiber optical beam splitter is considered the heralded single photon and is detected by Detector B and Detector C, which are trigged by Detector A. Two output ports of the detectors are connected to a photon correlator (DPC-230, Becher & Hickl GmbH) to measure the coincidence. This system is referred to as a Hanbury Brown-Twiss interferometer [17] .
The three detectors (SPD4F100A, ROI. OP) are all InGaAs APDs operated in gated mode and the gate-width is 1.0 ns. We keep overall detection efficiencies β 's at 10.0 ± 0.2%, thus the dark count probabilities per gate are respectively. We set the internal triggering rate of Detector A at 50 MHz with a 5-μs deadtime, in which after-pulse counts are negligible. The other two detectors are set in external trigger mode with a 5-μs deadtime. The isolation of WDM at 780 nm reaches up to 120.0 dB, with only 2.0 dB loss at 1550 nm. The loss of DWDM is 1.8 dB each channel averagely. The coupling ratio of the waveguide is about 60%, equaling 2.2 dB. By definition, an SPS is ideal when its probability of emitting a single photon is 100%, and the probability of multi-photon emission is 0% at any time. The photon source can be characterized with the ( ) 2 ( ) g τ parameter of second-order correlation function [18] . In our setup, the BC p is the probability of having detection coincidences among all three detectors. These three probabilities are defined as:
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where B N and C N are the count of the given detector per second. N BC is the number of a simultaneous detection of both detectors. t N is the number of acquisition triggers. For an ideal SPS, the parameter ( ) (1) P is the probability of generating exactly one photon per heralding signal, while (2) P is the probability of generating more than one photon. According to the equation (0) (1) (2) 1 P P P + + = , the larger (1) P the better and just the opposite for (2) P . Given that the Hanbury Brown-Twiss interferometer cannot distinguish between two and more photon events and ( )( 2) (2) P n n P > << , we classify ( )( 2) P n n ≥ as (2) P . The expressions of (1) P and (2) P are given by:
where the expressions of (1) P and ( 
Experiment results
To ensure the quality of the photon pair from SPDC, the coincidence-to-accidental ratio (CAR) was measured, firstly. The CAR is the quality merit for characterizing the signal-tonoise ratio of photon pair [19] . The CAR is expressed as:
where C is the coincidence per detection gate, s η and i η are the efficiencies of signal and idler channels, which are determined by the total losses in each channel. The losses mainly result from WDM, DWDM, detectors and connecting loss in fiber. They are listed in Table 1 . Parameters i d and s d are the dark count rates per gate, which have been introduced above. Figure 2 shows the relationship between pump's power and CAR. Figure 2 shows that the CAR is less than 10 when the pump power is over 31.80 μW. CAR's best performance interval ranges between 0.27 μW and 3.18 μW. It drops sharply as long as the power is under 0.22 μW, because dark count dominates in the data count. In addition, taking the brightness of the source into consideration, we set the pump's power from 1.06 μW to 23.85 μW. CAR distributes from 175 to 11. In other words, the quality and brightness of each HSPS's channel is relatively good under these circumstances. (1) 2
where t Δ is the duration of the detector gate, p η is the pair creation efficiency of the PPLN waveguide and p P is the pump power. From Eqs. (6) and (7), (2 In comparison with other recent implementations of HSPSs [9], our source contains more number of channels. A low rate of multi-photon emission in each channel is also achieved. The repetition rate of the laser has little influence on the SPDC efficiency or the phasematching condition. Thus, the spectral content and spectral extent of the SPDC photons will not change significantly if the bandwidth of the pump is the same for lasers with different repetition rates. Considering that the value of the H R directly depends on the repetition rate of the laser and the detection efficiency, an ultra-fast multiple-DWDM-channel heralded single-photon source can be realized by improving the laser and detectors without introducing any degradation to the value of ( ) 2 (0) g .
Conclusion
In conclusion, we have demonstrated and characterized a multi-DWDM-channel HSPS with high quality. We realize a multi-channel HSPS with the pump power lower than 23.85 μW. , it is suppressed by a factor of more than 150 relative to the classical light. We demonstrate that a PPLN waveguide setup can be used to implement a high quality multiple-DWDM-channel heralded single-photon source. We explore each channel's performance for different pump powers. In a practical application, good tradeoffs between low ( ) 2 (0) g and high brightness can be guaranteed. Furthermore, our source is all fiber structure at room temperature without cooling. It is therefore an ideal candidate for real-world quantum networks.
Funding
National Natural Science Foundation of China (Grant No. 61235009).
